Abstract-Control over the direction of wave propagation allows an engineer to spatially locate defects. When imaging with longitudinal waves, time delays can be applied to each element of a phased array transducer to steer a beam. Because of the highly dispersive nature of guided waves (GWs), this beamsteering approach is suboptimal. More appropriate time delays can be chosen to direct a GW if the dispersion relation of the material is known. Existing techniques, however, need a priori knowledge of material thickness and acoustic velocity, which change as a function of temperature and strain. The scheme presented here does not require prior knowledge of the dispersion relation or properties of the specimen to direct a GW. Initially, a GW is generated using a single element of an array transducer. The acquired waveforms from the remaining elements are then processed and retransmitted, constructively interfering with the wave as it travels across the spatial influence of the transducer. The scheme intrinsically compensates for the dispersion of the waves, and thus can adapt to changes in material thickness and acoustic velocity. The proposed technique is demonstrated in simulation and experimentally. Dispersion curves from either side of the array are acquired to demonstrate the scheme's ability to direct a GW in an aluminum plate. The results show that unidirectional enhancement is possible without a priori knowledge of the specimen using an arbitrary pitch array transducer. The experimental results show a 34-dB enhancement in one direction compared with the other.
health monitoring (SHM) [11] [12] [13] [14] [15] [16] [17] . GWs also have biomedical applications [18] [19] [20] [21] [22] [23] . Their excellent range [9] [10] [11] , good sensitivity [17] , and flexibility of application [3] , [11] , [12] make them desirable in NDE and SHM.
In pipes and plates, GWs are used for detection of cracks [4] , [15] , delaminations [8] , and corrosion. Welds [10] and joints [1] , [15] , [24] can be evaluated, and thickness can be measured [25] . With the correct choice of mode, which will be discussed later, GWs can propagate in pipes that are immersed or coated [1] .
Lamb waves, a useful variety of GWs, are complex [1] , but they are now well understood [26] [27] [28] . They are composed of multiple modes of oscillation [29] , which is advantageous for the detection of many types of defects [3] . Low-order modes can be used for the detection of large cracks, and higher order modes can be used for the measurement of corrosion [3] , [30] , [31] , texture, and small defects [30] .
Two-dimensional Fourier analysis [14] , [32] and delay-sum methods [26] can quantify the presence of modes [10] . For low frequency-thickness products, this is not problematic, as only two modes exist [9] , [10] , A 0 and S 0 . Lamb waves are dispersive, however, so their velocity changes with frequency. At higher frequency-thickness products, low-order modes will approach Rayleigh waves, while higher order modes can have the same velocity. In SHM situations, where broadband stimulus is common place, sophisticated methods for the separation of these higher order modes exist [8] . Thus, for high-order mode inspection, it can be desirable to generate only a single mode at a time [10] , [30] . Monitoring the backscatter [4] for reflections can indicate poor bonding, while mode conversions [8] can be observed when a mode interacts with the edges of a defect [14] , [33] . Control over mode generation can also be useful for traversing complex materials or waveguides [34] . Mode selection, however, is not required for more common low-order mode inspection, as these modes can be easily identified.
Control over direction of propagation is advantageous to the engineer for greater range and location of defects [11] , [17] , [35] . With finite acoustic power, greater range can be realized by applying the wave in only one direction. Without any steering, Lamb waves will propagate in all directions equally in the waveguide. When the Lamb wave interacts with a defect, it can be difficult to locate since the reflection or mode conversion could have come from any direction. Scatter and the inherent dispersion of Lamb waves can hamper exact location of defects, but methods exist to compensate for this This 
[2], [16] , [36] [37] [38] . The application of signal processing in NDE is common place [39] .
While sophisticated techniques for GW inspection exist, they are not always adopted. Often not all the necessary parameters are known at the time of inspection. This is especially an issue when the specimen is placed in a harsh environment. Pipes can be under strain or be heated by their contents. In SHM, components may be exposed to extreme seasonal temperatures [40] . All these will affect the acoustic properties and dispersion relation of the material. Existing techniques are not robust to these harsh environments that may contribute to their lack of adoption. Progress is being made in the development of software to automate processes and analysis [41] . A parameter-agnostic technique for the generation of directed GWs might allow GWs to see more use in the field.
In thin plates, transmission at an oblique incidence has historically been used for control over direction, mode generation, and mode reception. Many researchers point out its limited use [11] . The engineer is limited by the angular resolution of the probe, and changing the angle can be tedious or impossible if the transducer is buried or inaccessible.
Arrays are increasingly used in NDE [42] in place of singleelement transducers. Arrays can be used to excite a single mode if the pitch matches the wavelength of the desired mode. In general, arrays are favored in ultrasound because of their flexible beamforming capabilities. While beamforming of transducer arrays is often associated with medical imaging [43] , these techniques are applicable to NDE also [44] . New NDE specific imaging techniques are being published too [45] . A commonly used industrial technique for creating a unidirectional array is to apply a 90 • phase shift to quarterwavelength separated elements [46] . With respect to GW specific techniques, unidirectional single-mode waves can be generated through the application of delays to each element's excitation in a phased array transducer [47] . The delays approximate the transport time of the phase for the desired mode between adjacent elements. In both cases, this is possible only with a priori knowledge of the specimen thickness and its dispersion curves. When the modes of the specimen are unknown, it may be possible to first obtain a dispersion curve from an edge reflector and use these results as inputs into the technique just described. However, the availability of an appropriate reflector cannot be guaranteed and it complicates an already complex inspection technique with an additional step. In SHM, authors have manufactured bonded transducers that are able to direct GWs based on the wavenumber [17] . This paper describes a scheme for the unidirectional enhancement of guided Lamb waves. The direction of propagation can be controlled without a priori knowledge of the material's parameters. This paper builds on existing work [48] , [49] with the addition of an improved signal processing chain that has facilitated experimental validation.
II. METHOD
In this section, a scheme for the unidirectional enhancement of GWs is described. A short process called recursive feedback allows the scheme to resolve unknown parameters. Consisting of several short iterations, once complete, it allows unidirectional GW inspection to be undertaken. The simulation results are presented for the purpose of graphical demonstration. Following this, mathematical analysis is undertaken by comparing the scheme with an existing one. Before experimental validation can be completed, a noise filtering and truncation signal processing chain is presented. Finally, experimental process and parameters are justified.
A. Recursive Feedback
Consider a phased array transducer of N elements mounted normally on a thin plate as shown in Fig. 1 .
The recursive feedback scheme is as follows. 1) i = 1: Initially, the first element of the transducer is excited with a linear chirp. As the first element loads the material, longitudinal and shear waves combine and create multimodal Lamb waves that travel in both directions. Simultaneously, element 2 records the surface pressure of the material. 2) i = 2: Now the first element transmits the same stimulus as it did before. This time, however, the second element transmits back its recording from the previous iteration. The third element records. 3) i = 3: In the third step of the scheme, the first element transmits its stimulus, the second its recording from step 1, and the third its recording from step 2. The fourth element records. 4) i = N: This process is continued until all N elements are transmitting. The effect is that Lamb waves tend to travel in the direction of the array's spatial influence (z + ). Each element reinforces the traveling wave using its recording. Lamb waves will still propagate in the opposite direction but with less energy. The scheme will amplify forward (z + ) any modes generated by the first element.
It is often highly desirable to enhance only one mode at a time, which facilitates thorough inspection, where each mode is sensitive to different defects. However, the multimodal nature of the scheme is advantageous in two circumstances. The first is at low frequency-thickness products where the modes are easily separated by their disparate phase velocities. At this operating point, mode selection is less advantageous as modes can be very easily separated temporally. The second circumstance is the inspection of joints because the lowest order modes are most indicative of joint health. For example, complete attenuation of all modes crossing the boundary indicates a break, while a loss of the A 0 mode indicates contamination in a kissing bond joint. This process is diagrammatically shown alongside finite-element modeling (FEM) results in Fig. 1 (a)-(f). In FEM, a 2.5-mm-thick aluminum sheet was used. The excitation was a 10-cycle 700-800-kHz linear chirp. Idealized pressure loads were used instead of a transducer to improve simulation efficiency, and they were separated (pitch) by 400 μm. The linear chirp was windowed with the Blackman-Harris function. In Fig. 1(a) , element 1 is transmitting (green), while element 2 is recording (red). The wave packets are equal in pressure and equidistant from the first element. In Fig. 1(b) , elements 1 and 2 are transmitting, and element 3 is recording. In z + , the wave packets appear less defined than those in z − . In Fig. 1(c) , elements 1-3 are transmitting. Element 4 is recording. This process is continued until the ninth and final iteration, as shown in Fig. 1(f) . Here the wave packets are most intense and well defined in z + .
B. Background
The wavelength of a Lamb wave is described by (1) . The phase velocity, C ph , can be found from well-documented dispersion curves. An array transducer of pitch L can be used to amplify a particular mode. If λ = L, an excitation with a center frequency of f can be used to satisfy 1, and the corresponding mode will be amplified in both directions. This is limited of course by the pitch and bandwidth of the transducer
The rest of this section references work already published on the use of time delays for mode selectivity in both directions [26] , [47] .
For an array probe mounted to a thin waveguide, the amplitude of a generated mode is described by
where A m (z) is the amplitude of mode m, V is the particle displacement, F(ω) is the frequency response of each element, and C m (z) is the coupling coefficient between the waveguide surface traction and the GW mode. Since the designer has no control over the coupling coefficient or the frequency response of each element, H (ω) must be changed to affect the amplitude of a mode. The following equation describes the transducer response in relation to frequency and separation when using a single frequency:
where ∓ means − for z + and + for z − , λ is the wavelength of harmonic mode m, z center is the center location of the transducer array, and β is the wavenumber. To influence H (ω), either the frequency must be changed or the separation must be changed. For the designer, this is either tedious or impossible. With the introduction of an additional delay of t d0 to each element i , H (ω) can be influenced without changing these parameters. Consider the following equation:
In order to maximize the amplitude of a harmonic mode in the z + direction, t d0 should be chosen to satisfy
T is simply 1/ f . n here is an arbitrary integer of a value that must satisfy n > (t d0 /T ). Here, t d0 is used to approximate the propagation time between adjacent elements, such that the peaks of the traveling mode are reinforced. It does not, however, take into consideration the dispersive nature of Lamb waves; the traveling wave will tend to temporally spread, so only one mode at one operating point is enhanced. The scheme proposed here takes this into consideration, reinforcing the traveling wave as it appears at the transducer in the previous iteration. This is key to the proposed scheme's ability to enhance multiple modes simultaneously.
C. Signal Processing
The dispersive nature of Lamb waves means that successive excitation sequences grow in length. In addition, any noise introduced by simulation artifacts or otherwise will be amplified until the experiment becomes unstable. There is a need then for signal processing to reduce the amplification of noise and to truncate the signal.
First, a bandpass filter is used to block any irrelevant frequencies, such as those that are out the frequency range of the transducer and the initial excitation. The filter must have linear phase, so a finite-impulse response design has been employed.
Recordings are then cross correlated with the initial stimulus to find the point t 0 . t 0 is the lead, τ applied to maximize the correlation of initial excitation, x, and the recording, y:
It is imperative that noise and crosstalk between adjacent elements are rejected. Restrictions were placed on τ :
Here, t k is the propagation delay in the PZT. The signal must have propagated through the first element (t k , known), through the material (unknown), and through the second element (t k ) before it can be considered a valid correlation. The value t k can be obtained through a simple pulse echo experiment: with a material of known dimensions and speed of sound, error between theoretical and actual time arrival will equate to 2t k .
f min is the start frequency of the chirp, x. The upper boundary ensures that the bottom term, n − (t d0 /T ), of 5 remains positive. n = 1 since L < λ.
All transmissions should be of length T t , the length of x. Abrupt truncation of the signal could introduce high-frequency components, so windowing is applied so that a gradual reduction in amplitude is achieved as t 0 ← t and t → (t 0 + T t ). A Tukey window is used here to maximize total energy in the transmission while maintaining a gradual reduction in amplitude near the edges.
Finally, gain is applied to equate the peak value of x and y. The signal processing chain can be diagrammatically observed in Fig. 2 .
D. Quantifying Directivity
The 2-D Fourier transform method is used to obtain a dispersion curve [32] , [50] . This is accomplished by measuring the surface acoustic pressure at many points in space in monotonic intervals. Recordings are then packed together into a matrix, with dimensions of space and time. Taking the 2-D fast Fourier transform (FFT) gives a matrix of frequency against wavenumber. Since recording length and FFT size are conserved, the directivity of the scheme can be quantified by comparing the outputs of the FFTs since energy will be conserved. The peak value of the first iteration is used as a reference for power calculation.
Experimentally, several techniques exist for evaluation of surface displacement: laser vibrometers [38] and optical fibers [51] are popular choices. Here the transmitting array is used to obtain a dispersion curve for experimental simplicity. The transducer array is close to one edge and separated from the others by a much greater distance. Generated waves are reflected by the closest edge of the plate before passing over the array. It is important that the transducer is not moved between comparisons of z + and z − . Repositioning the transducer might affect the coupling, and the distance to the reflecting edge cannot be reliably reproduced. To combat this, the enhancement direction of the scheme is changed while leaving the transducer in situ. The array is split into two. In the first experiment, z + is quantified by exciting toward the reflector from the middle element. In the second experiment, z − is quantified by enhancing away from the reflector using the other half of the array. For a 64-element array, element 32 transmits during the first iteration regardless of the enhancement direction. For evaluation of z + , elements 32-63 are energized. For evaluation of z − , elements 32-1 are energized. Dispersion curves will be identical during the first iteration regardless of enhancement direction. This arrangement is shown in Fig. 3 .
E. Experimental Parameters
Experimentally, a 64-element array probe with a pitch of 0.33 mm and center frequency of 2.5 MHz was used. The waveguide was a 0.9-mm-thick aluminum plate. A high-viscosity and high-impedance couplant is required to maximize energy transfer between the transducer and the waveguide, so a thin layer of honey is employed between the two. The transducer is placed 120 mm away from the reflecting edge and approximately 1 m from the other edges. The initial stimulus was a 10-cycle 2.25-2.75-MHz linear chirp, windowed with the Blackman-Harris function.
The first time the experiment is run, the waveforms are unknown. The received and subsequently retransmitted waveforms are related to a large number of variables relating to the material and how it disperses. The keystone of this scheme is its ability to excite modes without knowledge of the material's properties. Since the returning waveforms Fig. 3 . Depiction of the experimental arrangement. An array transducer is mounted on a metal plate. The plate edge is used as a reflector, so that the transmitting array can also be used to acquire a dispersion curve. The array can be selectively excited to change the enhancement direction, so that both directions can be measured. Between experiments, the array is not disturbed and the first transmitting element remains the same distance from the reflector. Small pieces of wood are placed along the perimeter to acoustically isolate the plate. (a) GWs are enhanced toward the reflector. The right-hand side of the array is excited. (b) After some time, the wave packets reflect off the edge and pass over the array. The z + dispersion curve is acquired. (c) Enhancement direction is changed allowing the z − dispersion curve to be obtained. cannot possibly be predicted, arbitrary wave form generation is required. Experimentally, this was achieved using a fivelevel pulsewidth modulation switching scheme that provides a low total harmonic distortion [49] , [52] [53] [54] [55] [56] [57] .
III. EXPERIMENTAL RESULTS AND DISCUSSION
Figs. 4-6 show dispersion curves from iterations 1, 4, and 31, respectively. In each case, curves for each phase are presented. The theoretical results, which are calculated using GUIGUW [58] , [59] , are overlaid in white.
In the first iteration of the scheme, z + and z − are almost identical, which is to be expected. In the first iteration, modes A 0 , S 0 , and A 1 are visible. In the fourth iteration (Fig. 5) , the scheme begins to exhibit its enhancing capabilities. In the z + enhancement direction, there is more energy, indicated by dilation around the A 1 and S 0 modes. Fig. 6 is the last iteration in the scheme (i = 31). Here the enhancing capabilities of the scheme are most apparent. Compared with the first iteration, the most dominant mode in z + , S 0 , has increased by 35 dB. Modes A 0 and A 1 have increased by 30 dB. Conversely, in z − , there is only a 10-dB increase in energy. The directional The scheme begins to demonstrate its steering capability. enhancement was achieved without any knowledge of the material's dispersion curves, a requirement of other schemes.
The dispersion curves display good SNR, attributed to good coupling between transducer, honey, and waveguide. It is possible to generate Lamb waves using air coupled transducers, but mode choice is limited and the transducers are intolerant of small changes in angle [60] . In addition, an initial excitation centered around the transducer's center frequency was chosen to maximize energy in the waveguide. The dispersion curves show that most energy is between 2 and 3 MHz, as expected. Fig. 7 shows how the amplitude ratios for each direction change with respect to frequency. For each iteration, the difference between the maximum value in z + and z − at each frequency is calculated. Only the bandwidth of the chirp is considered. The green line represents the first iteration; this line is almost completely flat indicating that there is almost no difference in power in each enhancement direction. The red line represents the fourth iteration. Here, there is a peak increase of approximately 12 dB in the frequency range of the excitation. In the final iteration, which is represented by the Fig. 6 . Dispersion curves measured in z + and z − for iteration 31. In the final iteration, the scheme shows preference for z + as more energy is present. blue line, the peak amplitude ratio has increased even further to a maximum of 34 dB. Although some general increase in enhancement with iteration is apparent in this graph, a better metric is power density that can be obtained through numerical integration of the linear amplitude ratios. The power densities are shown in Table I . The power reference here is the power density from the first iteration.
The choice of initial excitation will change which modes may propagate, although unlike other schemes, the scheme will enhance all valid modes. For example, a broadband impulse will excite many modes across a large frequency range. Conversely, with a narrowband linear chirp, only modes with a noninfinite velocity in the frequency range of the linear chirp can be observed. While the designer is still in the process of finalizing experimental parameters, it can be desirable to use a broadband linear chirp to increase the chances of exciting a mode, or to excite multiple modes. However, it should be noted that using a broadband signal reduces temporal resolution [61] of defects. The choice of initial excitation is critical to the success of the scheme. Experimentally and in simulation, a very narrow chirp has been used for the initial excitation in the scheme. The use of a chirp facilitates pulse compression, which allows the signal processing chain to approximate the transport time of the GWs between elements. For these reasons, impulse excitations are not appropriate as they cannot be resolved in a bandwidth limited system. The higher the time bandwidth (TB) product, the more accurate the approximation of the delay. However, the bandwidth factor is limited by the transducer. Thus, the length of the excitation must be increased, which in turn reduces resolution. Conversely, a reduction in the excitation length means that less energy can propagate in the waveguide and TB is reduced. A balance must be struck. Despite this, the reduced power budget available when undertaking remote NDT inspections will likely have the biggest influence on choice of excitation. Approximately 2-kW RMS power is required during firing using the experimental parameters given here. It may be difficult to direct the waves in materials that are either extremely thin or thick. This is because for a given frequency, f , wavelength, λ, decreases, and the scheme presumes that L < λ. Since only low-order modes are being generated, there is no risk of the GWs interacting with micro defects. Since L < λ/2, the array meets the spatial Nyquist limit and simplifies the experimental arrangement.
Lamb waves can exist in rods, thin plates [9] , and cylinders, where the boundaries are in close proximity [27] . When the surface is loaded, Lamb waves form, which are the superposition of bulk and longitudinal waves [27] , [62] . Lasers [63] , EMATs [11] , and ultrasound transducers can all be used to generate Lamb waves. EMATs are often the preferred source for buried pipes and where source influence is undesirable. Large bonded PVDF and PZT 2-D apparatus are usually used in SHM [13] , [16] , [31] , [35] , [36] , [64] [65] [66] . Bonded PVDF is sometimes preferred in SHM because of its low cost and low source influence [14] . PZT that can be bonded to curved surfaces [67] has shown great range however [68] , [69] . PZT ultrasound transducers have more source influence, but this is already understood [1] . Moveable PZT transducers arrays are more commonly used for the inspection of plates [12] and pipes [4] . Single-crystal materials look promising, which might enable generation of very long range GWs [70] .
When using an array transducer, a couplant is usually required for proper transduction. The choice of couplant is often dictated by the application, and thus the scheme has been tested with various couplants to assess its robustness to different environments. Couplants of oil, water, and no couplant (air) have been tested in simulation. Dispersion curves measured for oil and water in each enhancement direction are shown in Fig. 8 . The same simulation parameters have been used as in Fig. 1 ; however, only seven iterations of the scheme have been executed to conquer the increased simulation time incurred modeling the air. In addition, a λ/4 matching layer and a λ/8 thick wear plate have been included in the simulation. Oil and water behave almost identically, with 15.6-and 15.5-dB peak enhancement achieved with each couplant, respectively. This can be attributed to their similar acoustic impedances. Using no couplant performed extremely poorly, only very low frequency components of the windowing function coupled into the waveguide and no enhancement was apparent. The peak value from the enhanced direction of each couplant is used as a power reference.
As with any contact ultrasonic experiment, the influence of the transducer can affect the results. There are two particular nuances of this experiment, which are noteworthy. First is the effect of loading applied to the transducer. Presuming that the contact area for each element in the array is far smaller than the wavelength of mode m, the coupling coefficient between the waveguide and the array element is [47] 
where S is the area that the given element contacts the waveguide, V m is the particle displacement distribution, T is the surface traction, and P mm is the power density. When considering 2, it can be seen that the amplitude of a generated mode will change with surface traction. The significance of this is that as source loading is increased, modes with a wider particle displacement distribution will increase in magnitude more than modes with a narrow displacement. For this reason, pressure applied to the transducer should be carefully considered when comparing the magnitudes of modes. The second noteworthy influence of the transducer is particular to the recursive feedback scheme. The scheme reinforces modes as they are presented to the transducer. It is possible that under the correct conditions, modes of the system may be reinforced rather than only of the waveguide. If the transducer is modeled as a single mass on top of the waveguide, then damping may occur. More significantly, individual matching and wear plate layers may incur the creation of waves not dissimilar to multilayer modes. Fortunately, a typical λ/4 thick matching layer is thin compared with the waveguide, and thus when separated by a wear plate, couplant is likely to have a small influence on the experiment. Any system modes will likely convert to single-layer plate modes at the boundaries of the transducer. The bounds applied to the cross-correlation algorithm in 7 attempt to further discourage this, as acoustic energy that has not traveled twice through the nonactive layers of the transducer is temporally discriminated. Observations from simulations that include these layers confirm this. Finally, since the experimental results are free from spurious modes and align well with the theoretical results, it can be concluded that plate modes have been enhanced as opposed to system modes when the given experimental parameters are used.
IV. CONCLUSION
GWs have many biomedical, NDT, and SHM applications. Their versatility makes them attractive in all these fields. While Lamb waves are complex, they are well understood, which has opened the door for research into their generation to be undertaken. They consist of many modes of oscillation, where each mode can be used for the inspection of different types of defects. While broadband sources can generate many modes, the dispersion of Lamb waves makes identification of the higher order modes more difficult because their phase velocities intersect. For low-order mode inspection, however, this is not problematic. Control over direction is desirable as it allows localization of defects, although some processing is required to compensate for the dispersion if accurate location is required. While beamforming techniques do exist for the directional enhancement of GWs, they require knowledge of the thickness of the specimen and its dispersion curves, which may be inaccessible to the operator. Arrays have been applied to solve this problem.
A scheme was devised for the unidirectional enhancement of Lamb waves. It requires no knowledge of the material's dispersion curves. In the scheme, the first element of the array generates multimodal Lamb waves in the waveguide.
The adjacent element records the Lamb wave. In the next iteration, the recording is played back. The process is repeated until all elements are transmitting. In the several short iterations, the scheme can quickly resolve parameters required for direction enhanced GW inspection. An existing scheme was reviewed, and similarities and differences between the two were discussed. Based on equations relating to the first scheme, a signal processing chain was devised to facilitate experimental validation. The signal processing chain consists of frequency filtering, cross correlation, and windowing. The chain is simple, and although difficult to implement with simple electronics, it can be easily achieved with software signal processing. Since no part of the scheme is real time, the computational requirements are minimal. On a highend desktop computer (Intel XEON E5-1620 and 64-GB RAM), each iteration takes approximately 500 ms to process including firing. Thus, with a 32-element transducer, full 32 iterations can be executed in approximately 16 s. Most of this time, however, constitutes uploading TX waveforms to the Ultrasound Array Research Platform II. Approximately 1-GB of memory was required. There is a plenty of scope for optimization. From this point onward, GW inspection can be undertaken freely as excitations appropriate for the waveguide and transducer have been found. If the waveguide or transducer is changed, the scheme will of course need to be re-executed. As the results indicate, the more elements used the better the power density and enhancement. The number of elements used, however, is limited by the number in the array and the available computation time for deriving the waveforms for inspection.
This paper shows that it is possible to control the direction of Lamb waves using an array transducer. The strategy described within does not need any a priori knowledge of the material and is able to excite multiple modes while directing the GWs. In situations where the thickness or velocity of the specimen is not known, it is now possible to direct GWs for location of defects and to maximize inspection distance. The focus has been on the directional enhancement of low-order modes, which can be easily separated with Fourier analysis. Higher order modes, which are used for inspection of small defects, are harder to separate with Fourier analysis because of their intersecting phase velocities.
To quantify the directivity of the scheme, dispersion curves of the stimulated waveguide were needed. Several measurement techniques were discussed. Ultimately, the transmitting array is used in conjunction with a reflecting edge to acquire a dispersion curve. To avoid disrupting the transducer, the enhancement direction of the scheme is changed between iterations with the middle element of the array used for the first iteration. This means that the first excited element in each enhancement direction lies the same distance from the reflecting edge. The 2-D Fourier transform is applied to a time-space domain matrix to achieve a frequencywavenumber dispersion plot. By conserving recording time, FFT size, and physical position, FFT output can be compared to demonstrate the ability of the scheme to enhance Lamb waves in one direction. The peak value from the first iteration is used as a power reference.
The scheme is first demonstrated in simulation where increased deformation is visible in the direction of the array's spatial influence. This is further verified experimentally where the effect of unidirectional enhancement becomes apparent in iteration 4. Each successive iteration shows an increase in energy in the positive enhancement direction compared with the first iteration. When all elements are transmitting during iteration 31, an increase of 34 dB is observed in z + , where only a 10-dB increase is observed in z − compared with energy from a single element. The amplitude ratios between enhancement directions were compared for several iterations across the bandwidth of the chirp. Following numerical integration of these data, it was shown that the power density increased between iterations.
Returning to simulation, several couplants were tested to verify the robustness of the scheme as couplant choice is often dictated by the inspection environment. A wear plate and matching layer were included in the simulation, and it was shown that oil and water performed well, achieving a 13-dB enhancement over seven iterations. Under the same operating conditions, however, air performed extremely poorly exhibiting no directional enhancement and coupling of only the lowest frequency components of the excitation occurred.
The source influence of the transducer was discussed as it may reduce the effectiveness of the scheme. It is possible that the scheme could reinforce modes of the system rather than of the plate alone. This was not observed in simulation or experimentally. With the addition of analysis, it was shown that the traction applied to the transducer may change the amplitude of individual modes.
Further research might involve 2-D directional enhancement with the use of a multidimensional array transducer. In addition, mode control, which could be achieved through dispersion reversal, might make the scheme appropriate at higher frequency-thickness products where modes cannot be separated as easily during inspection. Changes to input stimulus and additional boundaries applied to 6 might be required to achieve this.
